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Hypovirulence refers to a debilitated or attenuated ability of some
fungal strains in populations of a certain plant pathogenic fungus to
infect and/or to colonize tissues of susceptible plants (Anagnostakis,
1982; Nuss, 2005). This phenomenon has been recorded in numerous
plant pathogenic fungi (Ghabrial and Suzuki, 2009; Pearson et al.,
2009), including Botrytis cinerea Pers.: Fr. [teleomorph: Botryotinia
fuckeliana (de Bary)Whetzel] (Castro et al., 2003;Wu et al., 2007), the
causal agent of plant gray mold disease. In most cases, fungal
hypovirulence is associated with (or caused by) mycoviruses belong-
ing to the families Hypoviridae, Reoviridae and Narnaviridae, or with
some unclassiﬁed mycoviruses (Hillman et al., 2004; Sasaki et al.,
2007; Ghabrial and Suzuki, 2009; Pearson et al., 2009). Hypovirulent
fungal strains can be potentially used as biocontrol agents to control
virulent strains by transfer of certain “hypovirulence elements” or
certain mycoviruses from hypovirulent to virulent strains through
hyphal anastomosis (Anagnostakis, 1982; Heiniger and Rigling, 1994;
Zhou and Boland, 1998; Boland, 2004; Milgroom and Cortesi, 2004).
Meanwhile, deciphering the interaction between fungal hosts and
mycoviruses, and the interaction between mycovirus-containing
fungal strains and host plants at the molecular level might help tounveil the underlying mechanisms responsible for fungal pathogen-
esis (Nuss, 1996, 2005; Li et al., 2008).
Numerous studies indicated that hypovirulence-associated mycov-
iruses usually contain genomes of double-stranded RNA (dsRNA) or
single-stranded RNA (ssRNA), which are either encapsidated within
coat proteins to form virus particles or are maintained as unencapsi-
dated viral RNA without formation of virus particles (Nuss, 2005;
Ghabrial and Suzuki, 2009; Pearson et al., 2009). Due to the structural
simplicity of mycoviruses, characterization of the full-length sequences
of themycoviral genomes is important for clariﬁcation of the taxonomic
identity of mycoviruses (Ghabrial and Suzuki, 2009). Moreover,
understanding of the genome organization and expression of mycov-
iruses can help to decipher the role of mycovirus infection in fungal
hypovirulence and to exploit mycoviruses in biological control of plant
fungal diseases (Choi and Nuss, 1992; Anagnostakis et al., 1998).
Mycoviruses usually replicate their genomes in the cytosol
(cytoplasm excluding organelles) or speciﬁcally inside mitochondria
of fungal cells. Replication of the mycoviral genomes is catalyzed by
the virally-encoded RNA-dependent RNA polymerase (RdRp) (Cole
et al., 2000), thus ensuring their persistent maintenance within fungal
cells. However, internal deletions of mycoviral genomes were fre-
quently detected during replication of some mycoviruses including
hypoviruses CHV1-EP713 (Shapira et al., 1991; Zhang and Nuss, 2008)
and CHV3-GH2 in Cryphonectria parasitica (Hillman et al., 2000). As a
consequence, small defective RNAs were generated in C. parasitica
strains Ep713 infected with hypovirus CHV1 (Shapira et al., 1991;
Zhang and Nuss, 2008) and GH2 infected with hypovirus CHV3
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with multiple mitoviruses (Hong et al., 1999). Moreover, generation
of defective RNAs in hypovirus-infected strains of C. parasitica coin-
cided with a reduced level of the accumulation of hypovirus genomic
dsRNA (Zhang and Nuss, 2008), implying that the defective RNAs
in the hypovirulent strain Ep713 of C. parasitica might interfere with
the replication of the respective hypovirus.
Mitoviruses belong to the genusMitovirus in the familyNarnaviridae
(Ghabrial and Suzuki, 2009). Members of mitoviruses have been found
in numerous plant pathogenic fungi, including C. parasitica (Polashock
and Hillman, 1994), O. novo-ulmi (Brasier, 1983; Rogers et al., 1987),
Gremmeniella abietina causing scleroderris canker of Northern conifers
(Tuomivirta and Hantula, 2003), Sclerotinia homoeocarpa causing dollar
spot of turf grasses (Deng et al., 2003), Helicobasidium mompa causing
violet root rot of fruit trees (Osaki et al., 2005), Chalara elegans causing
the disease black root rot of cotton (Park et al., 2006) and B. cinerea
(Wuet al., 2007). Inmost cases, thepresenceofmitoviruses is associated
with debilitation of fungal virulence or pathogenicity (Ghabrial and
Suzuki, 2009). Genomes ofmitoviruses contain positive ssRNAs (usually
occurring as dsRNA replicative forms) and only code for RdRp.
B. cinerea is a cosmopolitan plant pathogen causing leaf blight,
blossomblight, or post-harvest fruit rots onmore than 200 plant species
in temperate and subtropical climates (Williamson et al., 2007).
Infection of B. cinerea by various mycoviruses has been reported in
previous studies (Castro et al., 1999, 2003; Howitt et al., 1995, 2001,
2005; Vilches and Castillo, 1997; Wu et al., 2007). Although the full-
length genome sequences of a few mycoviruses that infect B. cinerea
including Botrytis virus F (Howitt et al., 2001) and Botrytis virus X
(Howitt et al., 2005) have so far been determined, genomes of several
other mycoviruses found in B. cinerea remain uncharacterized (Howitt
et al., 1995; Vilches and Castillo, 1997; Castro et al., 1999, 2003) or
partially characterized (Wu et al., 2007). Our previous study showed
that strain CanBc-1 of B. cinerea was severely-debilitated and lost its
ability to infect leaves of oilseed rape (Brassica napus L.) (Wu et al.,
2007). A species of dsRNA, 3.0 kb in size, was detected and found to be
closely associated with debilitation or hypovirulence of strain CanBc-1
(Wu et al., 2007). It was putatively identiﬁed to be of mycoviral origin
basedon the sequence informationof aminoacid residuesdeduced from
the partial cDNA sequence (920 bp long) generated from the 3.0-kb
dsRNA, and the virus was temporarily designated as Botrytis cinerea
debilitation-related virus (BcDRV) (Wu et al., 2007). Phylogenetic
analysis based on the partial sequence of RdRp showed that BcDRV is
closely related to Ophiostoma novo-ulmimitovirus 3b (OnuMV3b) (Wu
et al., 2007). In this study, we renamed BcDRV as Botrytis cinerea
mitovirus 1 (BcMV1) based on the rule of ICTV. Furthermore, our
previous study also found that strain CanBc-1c-78 of B. cinerea, a single-
conidium isolate of strain CanBc-1, contains two species of dsRNA, one
is 3.0 kb in size similar to that present in strain CanBc-1 and the
other one is 2.3 kb in size, which is absent in strain CanBc-1 (Wu et al.,
2007). The 2.3-kb dsRNA is named here as BcMV1-S. The mechanism
responsible for generation of this 2.3-kb dsRNA in strain CanBc-1c-78 of
B. cinerea and its role in development of the 3.0-kb dsRNA-associated
hypovirulence phenotype of B. cinerea remain unknown.
The objectives of this study were: (i) to determine the full-length
cDNA sequences of BcMV1 and BcMV1-S in strain CanBc-1c-78 of
B. cinerea and to ascertain their taxonomic placement; and (ii) to
assess the effect of BcMV1-S on BcMV1-associated hypovirulence
in B. cinerea in an attempt to elucidate the role of BcMV1-S in
hypovirulence of B. cinerea.
Results
Full-length cDNA sequences of BcMV1 and BcMV1-S
The full-length cDNA sequences of BcMV1 and BcMV1-S dsRNAs
were obtained by assembling sequences from their respective over-lapping cDNA clones (Supplementary Fig. S1). Results showed that
BcMV1 RNA (GenBank Acc. No. EF580100) is 2804 nt in length and is
relatively AU-rich (66.8%). The internal 2332-nt region (447–2778)
of the BcMV1 sequence is 95% identical to the full-length genome
sequence (1–2332) of OnuMV3b (GenBank Acc. No. AM087550).
Therefore, BcMV1 can be considered as a strain of OnuMV3b. The
existence of the unusually long stretch sequence at the 5′-terminus of
BcMV1 was conﬁrmed by Northern hybridization using probe A to
detect dsRNA of BcMV1 (Supplementary Fig. S2).
BcMV1-S (GenBank Acc. No. EF583556) is 2171 nt in length, 633 nt
shorter than BcMV1 (Fig. 1). It is also relatively AU-rich (66.7%).
Alignment of the genome sequences of BcMV1 and BcMV1-S showed
that the nucleotide sequence of BcMV1-S (1–2171) was 100%
identical to two regions of BcMV1, namely 1–1144 and 1778–2804
(Fig. 1). This comparison suggests that BcMV1-S is derived from
BcMV1 through a single deletion of a 633-nt region (1145–1777). This
internal deletion of BcMV1 in strain CanBc-1c-78 was conﬁrmed by
Northern hybridization analysis (Supplementary Fig. S2). Probe B
corresponding to the non-deleted region of the BcMV1 sequence
hybridized with dsRNAs of both BcMV1 (3.0 kb) and BcMV1-S
(2.3 kb), whereas probe C corresponding to the deleted region in
BcMV1-S sequence hybridized only with the dsRNA of BcMV1, but not
with the dsRNA of BcMV1-S.
Sequence analysis
The nucleotide sequences of BcMV1 and BcMV1-S were examined
for the presence of open reading frames (ORF) on both strands using
the fungal mitochondrial codon usages. The positive strand of BcMV1
was found to contain one major large open reading frame (ORF)
(Fig. 1) and one small ORF (Supplementary Fig. S3). The major large
ORF in the genome of BcMV1was predicted to encode 738 amino acid
residues (Fig. 2). This putative protein sequence of BcMV1 from amino
acids 1 to 738 was 96% identical to the RdRp of OnuMV3b (GenBank
Acc. No. CAJ32468). Six conserved motifs (I to VI) in the amino acid
sequences of the putative RdRps of both BcMV1 and OnuMV3b were
identiﬁed (Fig. 2). Of these motifs, motif I is considered to be
characteristic for the genusMitovirus according to Hong et al. (1999).
The small ORF in the upstream of themajor large ORF was found to
potentially code for a polypeptide with 44 amino acid residues
(Supplementary Fig. S3). Results from homology analysis using blastp
and tblastn in the public database of NBCI (http://www.ncbi.nlm.nih.
gov/) showed that there were no proteins or polypeptides homolo-
gous to this small putative polypeptide from BcMV1. Using the same
ORF Finder Program in NCBI, we also found that small ORFs like the
one occurring in BcMV1 can be detected in the 5′-UTR of the genomes
of C. parasitica mitovirus 1-NB631 and S. homoeocarpa mitovirus
(Supplementary Fig. S3). Furthermore, the presence of small ORFs
coding for polypeptides with unknown functions in the upstream
region of a major large ORF has been previously reported in other
mycoviruses, including Helminthosporium victoriae 190S virus (Huang
and Ghabrial, 1996) and Rosellinia necatrix megabirnavirus 1 (Chiba
et al., 2009).
The regions comprising the full length of the small ORF and the
major large ORF were also found on the positive strand of BcMV1-S
(Fig. 1). The major large ORF putatively encodes a RdRp protein with
527 amino acid residues. Alignment of the RdRps encoded by BcMV1-
S and BcMV1 showed that the RdRp sequence of BcMV1-S from amino
acid positions 1 to 222 was 100% identical to the corresponding RdRp
sequence of BcMV1. The RdRp sequence of BcMV1-S from amino acid
positions 223 to 527 was 99.7% identical to the RdRp sequence of
BcMV1 from amino acid positions 434 to 738 with one amino acid
difference, a conservative substitution of phenylalanine (F) in BcMV1-
S for tyrosine (Y) in BcMV1 (Fig. 2). This comparison also suggests an
internal deletion of 211 amino acids (223–433) in the RdRp sequence
of BcMV1, leading to generation of a truncated RdRp of BcMV1-S
Fig. 1. A diagram showing the structure ofOphiostoma novo-ulmimitovirus 3b (OnuMV3b), Botrytis cinereamitovirus 1 (BcMV1) and BcMV1-S. The coding strand of BcMV1 is 2804 nt
in length and contains one major large open reading frame (ORF) shown as gray rectangular boxes. The ORF putatively encodes the RNA-dependent RNA polymerase (RdRp) of 738
amino acid residues. Note the internal deletion of a 633-nt region in BcMV1 (1145–1777), leading to generation of BcMV1-S.
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truncated RdRp sequence of BcMV1-S.
Potential secondary structures for terminal sequences of BcMV1
The 5′- and 3′-UTRs of BcMV1 were examined for potential
secondary structures using the RNAstructure software (version 4.6)
(Mathews et al., 2004). Results showed that the 5′-terminal sequence
(nucleotides 2–44) could be folded into a double stem–loop structure
with the ΔG value of −26.7 kcal/mol (Fig. 3). The 3′-terminal
sequence (2733–2804) could also be folded into a potentially
stable, although imperfect, stem–loop structure with the ΔG value
of −21.6 kcal/mol (Fig. 3). The 3′- and 5′-terminal sequences of
BcMV1 lack inverted complementarity required for formation of a
panhandle structure.
Co-transmission of BcMV1 and BcMV1-S
The pairing-culture technique (Wu et al., 2007; Zhang and Nuss,
2008) was used to test co-transmissibility of BcMV1-S with BcMV1
from strain CanBc-1c-78 (donor) to the virulent strain CanBc-1c-66
(recipient) of B. cinerea. Three derivative isolates from strain CanBc-
1c-66, namely 66-78-3, 66-78-4 and 66-78-5, were obtained from the
three recipient colonies of strain CanBc-1c-66 in three pairing
cultures. Two dsRNAs, 2.3 kb for BcMV1-S and 3.0 kb for BcMV1,
were detected in isolates 66-78-3, 66-78-4 or 66-78-5, as well as in
the donor strain CanBc-1c-78, whereas no dsRNA was detected in
the recipient strain CanBc-1c-66 (Fig. 4).
Isolates 66-78-3, 66-78-4 and 66-78-5 of B. cinereawere similar to
the hypovirulent strains CanBc-1c-66a and CanBc-1c-78 in several
characteristics, including slow mycelial growth with the average
radial growth rates less than 0.7 cm/day (Fig. 5A) and formation of
abnormal mycelial sectors on potato dextrose agar (PDA). These
three isolates also showed reduced pathogenicity on leaves of oilseed
rape with the average leaf lesion diameters less than 0.1 cm after
incubation at 20 °C for 72 h (Fig. 5B). These characteristics were in
contrast to virulent strains CanBc-1c-66 and CanBc-2 of B. cinerea,
which grew rapidly at 16 and 17 mm/day, respectively, on PDA
(Fig. 5A). Furthermore, strains CanBc-1c-66 and CanBc-2 spread
evenly without formation of any abnormal mycelial sectors on PDA.
They caused necrotic lesions on leaves of oilseed rape at 20 °C after
72 h with the average leaf lesion diameters of 18 and 20 mm,
respectively (Fig. 5B).
Accumulation of BcMV1 and BcMV1-S
Accumulation of BcMV1 and BcMV1-S in the hypovirulent strains/
isolates CanBc-1, CanBc-1c-66a, CanBc-1c-78, 66-78-3, 66-78-4 and
66-78-5 of B. cinerea was assessed by semi-quantitative RT-PCR. Two
virulent strains CanBc-1c-66 and CanBc-2 were used as controls. The
relative accumulation (RA) values of BcMV1 in strain CanBc-1 wasassigned as 1.0. Accumulation of both BcMV1 and BcMV1-S was
detected in strains/isolates 66-78-3, 66-78-4, 66-78-5 and CanBc-1c-
78 of B. cinerea with the average RA values being 0.6, 0.8, 0.8 and 0.5,
respectively, for BcMV1 (Fig. 5C), whereas being 0.9, 1.8, 2.7 and 11.3,
respectively, for BcMV1-S (Fig. 5D). The average RA value of BcMV1-S
was signiﬁcantly (Pb0.05) higher than that of BcMV1 in strain CanBc-
1c-78, and in isolates 66-78-4 and 66-78-5. Results also showed
that a very low level of BcMV1 accumulation was detected in the
virulent strain CanBc-1c-66 with the average RA value being 0.04. No
accumulation of BcMV1-S in strain CanBc-1c-66 and no accumulation
of BcMV1/BcMV1-S in strain CanBc-2 were observed.
Persistent maintenance of BcMV1/BcMV1-S
Hypovirulent strains CanBc-1 and CanBc-1c-78 of B. cinerea were
successively subcultured on PDA in Petri dishes (9 cm diam.) from the
year 2003 to the year 2009. There were a total of 14 subcultures (two
each year) for each strain. All the subcultures of the two strains were
examined for the presence of the 3.0- and 2.3-kb dsRNAs. Results
showed that all the subcultures of strain CanBc-1 were consistently
detected to harbor the 3.0-kb dsRNA (BcMV1) and did not harbor any
detectable 2.3-kb dsRNA (BcMV1-S) (data not shown). All the sub-
cultures of strain CanBc-1c-78 were consistently detected to harbor
both the 2.3-kb dsRNA and the 3.0-kb dsRNA.
Mitochondrial malformation
Transmission electron microscope (TEM) was used to examine
mitochondrial morphology in hyphal cells of strain CanBc-1 of
B. cinerea infected with BcMV1 alone and strain CanBc-1c-78 of
B. cinerea co-infected with BcMV1 and BcMV1-S. The virulent strain
CanBc-1c-66 of B. cinerea was used as control. Results showed that
normal mitochondria in hyphal cells of strain CanBc-1c-66 were
frequently observed (Table 1). They were oval or oblong in shape and
contained abundant cristae inside (Fig. 6A). However, both normal
and abnormal mitochondria were observed in hyphal cells of strains
CanBc-1 and CanBc-1c-78 with the frequency of abnormal mitochon-
dria being 74 and 79%, respectively (Table 1). Normal mitochondria in
strains CanBc-1 and CanBc-1c-78 (Figs. 6B and 7A) were similar to
those in strain CanBc-1c-66 (Fig. 6A), whereas the abnormal
mitochondria in strains CanBc-1 and CanBc-1c-78 became swollen
and contained aggregates of ﬁbrous matrix materials (Figs. 6B, C,
and 7B). Remnants of degenerated cristae were still visible in some
of the abnormal mitochondria in strains CanBc-1 and CanBc-1c-78
(Figs. 6B, C, and 7B).
Mitochondria were extracted and puriﬁed from mycelia of strain
CanBc-1 of B. cinerea using the density-gradient centrifugation
method (see Supplementary data). The presence of the 3.0-kb
dsRNA (BcMV1) was observed in the mitochondrial fraction M
(Supplementary Fig. S4).
Fig. 2. Alignment of the amino acid sequences of the putative RNA-dependent RNA polymerases of Ophiostoma novo-ulmi mitovirus 3b (OnuMV3b), Botrytis cinerea mitovirus 1
(BcMV1) and BcMV1-S. Black shade is used to highlight the conserved amino acid residues. Gray shade is used to highlight the chemically-similar amino acid residues and the
conserved amino acid residues in OnuMV 3b and BcMV1 (missed in BcMV1-S). Dots represent deleted amino acid residues in BcMV1-S. Note the six conserved motifs (I to VI) for
OnuMV3b and BcMV1, and three motifs (IV, V, VI) for BcMV1-S.
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In the present study, the complete nucleotide sequence of the
3.0-kb dsRNA (BcMV1) extracted from the hypovirulent strain
CanBc-1c-78 of B. cinerea was determined. Sequence analysis
revealed that this small AU-rich unencapsidated genome (2804 nt)
codes for RdRp only when the mitochondrial codon usages were
utilized. These results suggest that BcMV1 belongs to the genus
Mitovirus of the family Narnaviridae. The ﬁnding that BcMV1 RdRpshares high sequence identities with OnuMV3b at the levels of the
nucleotide sequence (95%) and the deduced RdRp amino acid
sequence (96%) conﬁrms our previous identiﬁcation of BcMV1 as
a member of the genus Mitovirus (Wu et al., 2007). Furthermore,
occurrence of abnormal mitochondria in hyphal cells of hypovirulent
strains CanBc-1 infected with BcMV1 alone and CanBc-1c-78 co-
infectedwith BcMV1 and BcMV1-S suggests thatmitochondriamight
comprise the replication site for BcMV1 and BcMV1-S. The high
sequence identity (about 95%) between BcMV1 and OnuMV3b
Fig. 3. The predicted secondary structures of the 5′-terminus (nucleotides 2 to 44) and
the 3′-terminus (nucleotides 2733 to 2804) of Botrytis cinerea mitovirus 1 (BcMV1).
Fig. 4. Agarose gel (1%) banding pattern of dsRNAs corresponding to Botrytis cinerea
mitovirus 1 (BcMV1) and BcMV1-S from hypovirulent strains/isolates of Botrytis
cinerea. Note that two dsRNAs are present in strain/isolates CanBc-1c-78, 66-78-3, 66-
78-4, and 66-78-5, but only one dsRNA in strain CanBc-1 and no detectable dsRNA in
strain CanBc-1c-66.
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appears different from OnuMV 3b, as BcMV1 has longer 3′- and 5′-
UTRs than OnuMV 3b (Supplementary Fig. S5).
Previous studies showed that at least seven independent species of
mitoviruses (OnuMV1a, OnuMV1b, OnuMV3a, OnuMV3b, OnuMV4,
OnuMV5 and OnuMV6) co-infect strain Ld of O. novo-ulmi (Cole et al.,
1998; Doherty et al., 2006). Deng et al. (2003) detected a strain
of OnuMV3a in S. homoeocarpa Bennett, the causal agent of dollar
spot disease of turf grasses. This study reveals that BcMV1, a strain of
OnnMV3b, can infect B. cinerea. From the phylogenetic point of view,
O. novo-ulmi is distantly-related to either B. cinerea or S. homoeocarpa,
although they all belong to ascomycetes (Supplementary Fig. S6). It is
an interesting phenomenon that closely-related parasitic mitoviruses
can infect distantly-related host fungi. Moreover, this phenomenon
has only been observed in mitovirus, and not been recorded in other
species of mycovirus.
It is worthwhile to note that mitoviruses OnuMV3a and OnuMV3b
were found not to be associated with the hypovirulent phenotypein O. novo-ulmi (Cole et al., 1998). However, infection of a strain
of OnuMV3a in S. homoeocarpa caused hypovirulence of this fungus
(Deng et al., 2003). In this study, infection of B. cinerea by BcMV1, a
strain of OnuMV3b, results in hypovirulence in B. cinerea. Therefore,
closely-related mitoviruses like BcMV1 and OnuMV3b have different
effects on virulence or pathogenicity in different plant pathogenic
fungi. This study also reveals that BcMV1 differs from OnuMV3b
in the length of genome (472 nt longer) and this genomic difference
might be responsible for its attenuation effect of BcMV1 on B.
cinerea. Future studies on mapping hypovirulence determinants
in the genome of BcMV1 using the reverse genetic systems are
warranted.
Wu et al. (2007) reported that the 2.3-kb dsRNA (BcMV1-S) is
present in strain CanBc-1c-78, a single-conidium progeny of strain
CanBc-1 of B. cinerea infected with BcMV1, but is absent in the other
seven single-conidium strains (3 hypovirulent and 4 virulent) of
strain CanBc-1. This study showed that BcMV1-S was not detected
in successive mycelial subcultures of strain CanBc-1. These results
suggest that BcMV1-S might be generated as a rare event during the
BcMV1 replication in the asexual reproduction process (conidial
formation) of strain CanBc-1. This generationmechanism for BcMV1-S
in BcMV1-infect B. cinerea appears different from that for generation
of defective RNAs in CHV1-infected strain EP155 of C. parasitica, in
which generation of defective RNAs was found to be associated with
a dicer protein DCL-2 (RNase III-like endonuclease) encoded by the
nuclear dicer gene dcl-2 (Zhang et al., 2008). This study also reveals
that BcMV1-S can be horizontally co-transmitted with BcMV1 to
strain CanBc-1c-66 of B. cinerea. This ﬁnding also distinguishes
BcMV1-S from the defective viral RNAs in CHV1-infected C. parasitica
in horizontal transmission, as the defective viral RNAs in CHV1-
infected C. parasitica usually disappear during co-transmission with
the hypovirus CHV1 to a recipient Δdcl-2 mutant of C. parasitica
(Zhang and Nuss, 2008). Persistent maintenance of BcMV1-S with
BcMV1 in the hypovirulent strain CanBc-1c-78 of B. cinerea might be
the reason responsible for the successful co-transfer of BcMV1-S with
BcMV1 to the virulent strain CanBc-1c-66 of B. cinerea.
Table 1
Occurrence of normal/abnormal hyphal cells and normal/abnormal mitochondria in
strains CanBc-1, CanBc-1c-78 and CanBc-1c-66 of Botrytis cinerea observed under TEM.
Strain # Hyphal cells observeda #Mitochondria observedb
Normal Normal+Abnormal Abnormal Normal Abnormal
CanBc-1 9 (17) 9 (17) 35 (66) 166 (26) 472 (74)
CanBc-1c-78 7 (11) 16 (24) 43 (65) 138 (21) 519 (79)
CanBc-1c-66 40 (100) 0 (0) 0 (0) 430 (100) 0 (0)
a Hyphal cells of each strain were classiﬁed into three types under TEM: normal type
with normal mitochondria alone, intermediate type with both normal and abnormal
mitochondria and abnormal type with abnormal mitochondria alone. The values in
parentheses represent percentages.
b Mitochondria were classiﬁed into two types: normal mitochondria containing
abundant cristae and abnormal mitochondria containing aggregates of ﬁbrous matrix
materials and degenerated cristae. The values in parentheses represent percentages.
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TEM in mitovirus-infected hyphal cells of strain BK18 of Chalara
elegans were fewer in number and smaller in size than those in the
mitovirus-free strain BK18C of C. elegans. In the present study, some
mitochondria in hyphal cells of strains CanBc-1 and CanBc-1c-78 of
B. cinerea became swollen and contained ﬁbrous matrix materials and
disintegrated cristae. Therefore, infection of fungal mitochondria by
mitoviruses can affect themitochondrial morphology, thereby leading
to attenuation of mitochondrial functions as energy-generating
organelles and to debilitation in virulence or pathogenicity of host
fungi (Rogers et al., 1987). Fibrousmatrixmaterials in BcMV1-infected
mitochondria in B. cinerea appear similar to DNA ﬁbers in bacterial
nucleoids reported previously by Kellenberger et al. (1958) and Eltsov
and Zuber (2006). This comparison suggests that the ﬁbrous matrix
materials occurring inmalformedmitochondria of strains CanBc-1 and
CanBc-1c-78 of B. cinerea might be the viral RNAs. Our ﬁnding about
co-puriﬁcation of 3.0-kb dsRNA of BcMV1 and mitochondria in strain
CanBc-1 of B. cinerea suggests that BcMV1might dwell in mitochodria.
This studyandourprevious study (Wuet al., 2007) found thatBcMV1
(or the 3.0-kb dsRNA) in strains CanBc-1 or CanBc-1c-78 of B. cinerea can
be transmitted possibly through hyphal anastomosis. This phenomenon
appears similar to the transmission of C. parasitica mitovirus 1-NB631
(CpMV) (or the 2.7-kb dsRNA) from strain NB631 to some CpMV-free
strains of C. parasitica (Polashock et al., 1997). Polashock et al. (1997)
reported that the transmission of CpMV by hyphal anastomosis
was accompanied by mitochondrial movement and re-combination of
the mitochondrial genome. Therefore, CpMV might be spread within
hyphal cells of C. parasitica through dynamics of mitochondria (fusion
andﬁssion), thereby causingdebilitation of C. parasitica (Polashock et al.,
1997). This mitochondrial movement mechanism may play an impor-
tant role in transmission of BcMV1 in B. cinerea.
Strain CanBc-1c-66 of B. cinerea, a single-conidium isolate derived
from the hypovirulent strain CanBc-1 (Wu et al., 2007), contained no
detectable dsRNA (BcMV1) and thus it is restored to be virulent on
oilseed rape (Wu et al., 2007). In the present study, results of the
semi-quantitative RT-PCR analysis revealed that strain CanBc-1c-66
contains a very low level of BcMV1 accumulation (4% of that in strain
CanBc-1 of B. cinerea). Thus, strain CanBc-1c-66 of B. cinerea can
be thought of as an asymptomatic (low titer) carrier of BcMV1, as
reported in S. homoeocarpa which was found to be an asymptomatic
carrier of OnuMV3a (Melzer et al., 2005). This asymptomatic infectionFig. 5. The radial growth rate on potato dextrose agar at 20 °C (A), lesion diameter on
leaves of oilseed rape (B), and the relative viral RNA accumulation of BcMV1 (C) and
BcMV1-S (D) for strains/isolates of Botrytis cinerea. Each parameter for each strain/
isolate was expressed as the arithmetic mean±S.E.M. Bars in graphs A, B and C labeled
with the same letters are not signiﬁcantly different (PN0.05) according to Least
Signiﬁcant Difference Test. The symbols “+” and “−” indicate the presence and the
absence of BcMV1 and BcMV1-S, respectively, according to the results of dsRNA
extraction and detection by agarose gel electrophoresis.
Fig. 6. Transmission electron micrographs showing the difference in mitochondrial morphology in strains CanBc-1 (A), CanBc-1c-66 (B) and CanBc-1c-78 (C) of Botrytis cinerea. V =
virulent; HV = hypovirulent. Note numerous mitochondria containing abundant intact cristae in a cell of the virulent strain CanBc-1c-66, whereas numerous mitochondria
containing ﬁbrous matrix materials and remnants of cristae (arrowheads) in cells of the hypovirulent strains CanBc-1 and CanBc-1c-78. M = mitochondrion, scale bars=1 μm.
123M. Wu et al. / Virology 406 (2010) 117–126of BcMV1 in strain CanBc-1c-66 of B. cinerea presents an important
consideration for future studies on survival and dissemination of
BcMV1 in natural populations of B. cinerea.
Materials and methods
Strains/isolates of B. cinerea
Eight strains or isolates of B. cinerea were used in this study. The
origin of these strains or isolates was listed in Table 2. Stock culturesFig. 7. Transmission electron micrographs showing different degrees of mitochondrial dege
Fig. 7A, mitochondria (M) appeared normal and contains abundant intact cristae. In the
degeneration stages. M1 represents the initial stage of the mitochondrial degeneration, a
materials began to form in the center; M2 and M3 represent the advanced stages of the mito
and disintegrated cristae (arrowheads). Scale bars=1 μm.of each strain or isolate of B. cinerea were maintained on potato
dextrose agar (PDA) made of fresh potato and stored at 4 °C. Working
cultures were established by transferring stock agar plugs containing
mycelial mats of each strain or isolate of B. cinerea onto PDA in Petri
dishes (9 cm diam.), which were then incubated at 20 °C in the dark
for 7 days. The mycelial growth rate on PDA at 20 °C and pathoge-
nicity on leaves of oilseed rape (B. napus L. cultivar Zhongyou Hybrid
No. 4) (20 °C, 72 h) for each strain or isolate of B. cinerea were
determined using the procedures described in our previous study
(Wu et al., 2007).neration in the hypovirulent strain CanBc-1c-78 of Botrytis cinerea. In the cell shown in
cell shown in Fig. 7B, however, mitochondria (M1, M2 and M3) appear at different
s the cristae in the mitochondrion appear intact (arrowhead) and the ﬁbrous matrix
chondrial degeneration. The two mitochondria contain visible ﬁbrous matrix materials
Table 2
Origin of strains/isolates of Botrytis cinerea used in this study.
Strain/isolate Origin (host, place and isolation
time)
Pathogenicity Reference
CanBc-1 Brassica napus, Wuhan,
China, 2003
Hypovirulent Wu et al., 2007
CanBc-1c-66 Single-conidium isolate of
CanBc-1, 2004
Virulent Wu et al., 2007
CanBc-1c-66a CanBc-1c-66 in a pairing culture
of CanBc-1c-66 and CanBc-1, 2006
Hypovirulent Wu et al., 2007
CanBc-1c-78 Single-conidium isolate of
CanBc-1, 2004
Hypovirulent Wu et al., 2007
66-78-3 CanBc-1c-66 in a pairing culture of
CanBc-1c-66 and CanBc-1c-78, 2008
Hypovirulent This study
66-78-4 CanBc-1c-66 in a pairing culture of
CanBc-1c-66 and CanBc-1c-78, 2008
Hypovirulent This study
66-78-5 CanBc-1c-66 in a pairing culture of
CanBc-1c-66 and CanBc-1c-78, 2008
Hypovirulent This study
CanBc-2 Brassica napus, Wuhan, China, 2004 Virulent Wu et al., 2007
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The pairing-culture technique (Wu et al., 2007; Zhang and Nuss,
2008) was used to test the co-transmissibility of BcMV1-S with
BcMV1 from strain CanBc-1c-78 (donor) to strain CanBc-1c-66
(recipient) on PDA in Petri dishes (9 cm diam.). Three derivative
isolates, namely 66-78-3, 66-78-4 and 66-78-5, were obtained from
the margin areas of the three colonies of strain CanBc-1c-66 in three
pair-cultures of strains CanBc-1c-66/CanBc-1c-78. They were indi-
vidually tested for the mycelial growth rate on PDA (20 °C), patho-
genicity on leaves of oilseed rape (20 °C, 72 h) and the presence
of dsRNA in mycelia (Wu et al., 2007). Strains CanBc-1, CanBc-1c-78,
CanBc-1c-66 and CanBc-2 of B. cinerea were included in this
experiment as controls.
Extraction and puriﬁcation of dsRNAs
Mycelial agar plugs of each strain/isolate of B. cinerea were
transferred to Petri dishes (9 cm diam.) containing potato dextrose
broth, 1 plug per dish and 20 dishes per strain/isolate. The dishes
were incubated at 20 °C in the dark for 3 to 6 days. Mycelial mats in
each dishwere harvested using a sterilized glass hook, rinsed in sterile
distilled water three times, blotted half dry on sterilized paper towels,
transferred to 1.5-ml centrifuge tubes and stored at−20 °C until use.
Extraction and puriﬁcation of dsRNA in mycelia of each strain/isolate
of B. cinerea were conducted using the procedures described by
Morris and Dodds (1979). DsRNA in each extract was separated
by electrophoresis on an agarose gel (1%, w/v). The gel was stained
with ethidium bromide solution (1.5 μg/L) after electrophoresis and
viewed on an UV trans-illuminator.
cDNA cloning and sequencing of BcMV1-S and BcMV1
The 2.3-kb dsRNA (BcMV1-S) extracted from strain CanBc-1c-78
of B. cinerea was gel-puriﬁed using Fermentas DNA Extraction Kit
(Jing Mei Biotech. Co., Ltd., Shengzhen, China) and used for cDNA
synthesis with mixed 6-mer random primers using cDNA Synthesis
Kit (TaKaRa Biotechnology Co., Ltd., Dalian, China). RT-PCR products
(cDNAs) were separated by agarose gel (1%) electrophoresis and
puriﬁed using AxyPrepTM DNA Gel Extraction Kit (Axygen Scientiﬁc,
Inc. Union City, USA), A-tailed, ligated into the pMD18-T vector
(TaKaRa) and transformed into competent cells of Escherichia coli
JM109. Positive E. coli clones grown on Luria–Bertani agar medium
containing ampicillin (50 μg/ml) were selected, individually PCR-
tested for the size of the cDNA insert and sequenced using the
method described by Wu et al. (2007). For cloning of the terminal
sequences of the 2.3-kb dsRNA, the 3′-terminus of each strand of the2.3-kb dsRNA was ligated with the 5′-terminus of the M3-2 adaptor
(Supplementary Table S1) using T4 RNA ligase (TaKaRa) at 4–8 °C for
18 h. The adaptor–dsRNA complex was denatured at 94 °C and used
as template for reverse transcription to cDNA using MMLV reverse
transcriptase (TOYOBO Co., Ltd., Osaka, Japan) and the primer RCM3-
2 complementary to the M3-2 adaptor. The reaction mixture was
treated with RNase H (TaKaRa) at 37 °C for 30 min to remove the
RNA strand in the RNA/cDNA duplex. The cDNA strand was then
used as template in PCR to amplify the 5′-terminal sequence with the
primer pair RCM3-2/BCV3 and to amplify the 3′-terminal sequence
with the primer pair RCM3-2/BCV4 (Supplementary Fig. S1). The
PCR products were separated by agarose gel electrophoresis, cloned
into E. coli JM109 and sequenced.
For cDNA cloning of the 3.0-kb dsRNA (BcMV1), agarose gel-
puriﬁed 3.0-kb dsRNA was used as template for synthesis of cDNA,
which was then used as cDNA template in PCR for ampliﬁcation of
the main body of the BcMV1 sequence (1659 bp) with the primer
pair BCV1/BCV2 (Supplementary Fig. S1, Table S1). These two primers
were designed on the basis of the full-length cDNA sequence of the
2.3-kb dsRNA (GenBank Acc. No. EF583556). The cDNA product
was gel-puriﬁed, cloned into E. coli JM109 and sequenced. The adaptor
(M3-2)-cloning strategy mentioned above was used to clone the 3′-
and 5′-terminal sequences of BcMV1 by PCR.
Multiple sequence alignment of the full-length cDNA sequences
of BcMV1, BcMV1-S and OnuMV3b were accomplished using
the CLUSTALW program (Thompson et al., 1994). Potential secondary
structures of the 3′-terminal and 5′-terminal nucleotide sequences of
BcMV1 (positive strand) were predicted using the RNAstructure
software (version 4.6) (Mathews et al., 2004). Open reading frames
(ORF) on both strands of the cDNA sequences of BcMV1 and BcMV1-S
were deduced using the ORF Finder program in the NCBI website
with the fungal mitochondrial codon usages, as the deduction was
frequently disrupted if the standard codon usages were used. An
alignment of the RdRp sequences encoded by BcMV1 and BcMV1-S
was done with CLUSTAL W to locate the conserved motifs described
by Hong et al. (1999) using the RdRp of OnuMV3b (GenBank Acc. No.
CAJ32468) as reference.Northern hybridization
Northern hybridizations were performed using the method
described by Jiang and Ghabrial (2004) to verify the authenticity
of the cDNA sequences generated from dsRNAs (2.3 and 3.0 kb) in
strains CanBc-1 and CanBc-1c-78 of B. cinerea, and to conﬁrm the
existence of the unusual long 5′-UTR region and the relatedness of
BcMV1 and BcMV1-S sequences. Three DNA probes (A, B and C)
were designed on the basis of the cDNA sequences of BcMV1 and
BcMV1-S. They were generated by RT-PCR using the gel-puriﬁed
3.0-kb dsRNA extracted from strain CanBc-1 as template. The
sequences of the primer sets BCV5E/BCV8, BCV5E/BCV3 and
BCV11/BCV12 for generation of probes A, B and C, respectively,
are listed in Table S1. Probes A (315 bp) and B (689 bp) correspond
to regions with the nucleotide positions 1 to 315 and 1 to 689,
respectively, in the genomes of BcMV1 and BcMV1-S. Probe C
(563 bp), on the other hand, corresponds to the region with the
nucleotide positions 1208 to 1770 in the genome of BcMV1 and
the region was proposed to be deleted in the genome of BcMV1-S
according to the sequence information (Fig. 1). The probes were
individually labeled with [32P] dCTP using the radiolabeling kit
(TaKaRa) and separately used to hybridize dsRNAs extracted from
strain CanBc-1 harboring 3.0-kb dsRNA and strain CanBc-1c-78
harboring both the 2.3- and 3.0-kb dsRNAs on an Immobilon™-Ny+
membrane (Millipore, Bedford, MA, USA). Hybridization signals
were detected on Fuji Fluorescent Image Analyzer (Model Fla-5000,
Fuji Photo Film Co., Ltd., Tokyo, Japan).
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Semi-quantitative PCR was used to determine the accumulation
level of BcMV1 and BcMV1-S in hypovirulent strains/isolates CanBc-1,
CanBc-1c-66a, CanBc-1c-78, 66-78-3, 66-78-4, 66-78-5, CanBc-1c-66
or CanBc-2 of B. cinerea. Total RNAwas extracted frommycelia of each
strain/isolate using the TRIzol® reagent (Invitrogen Corp, Carlsbad,
USA). The primer pair BCVq1F/BCVq1R (Supplementary Table S1)
was designed for speciﬁc detection of the BcMV1 accumulation, as it
primed the RT-PCR ampliﬁcation of the internal-deletion region
(nucleotides 1145–1777) in the genome of BcMV1 (Fig. 1). The primer
pair CVq2F/ BCVq2R (Supplementary Table S1) was designed
for detection of the total viral accumulation (BcMV1+BcMV1-S), as
it primed the RT-PCR ampliﬁcation of a shared region (nucleotides
593–748) in the genome of BcMV1 and BcMV1-S (Fig. 1). Further-
more, a primer pair BCVqCF /BCVqCR (Supplementary Table S1) was
designed for speciﬁc detection of the 18S rRNA gene of B. cinerea,
which is considered as a constitutive expression gene in fungi and
can be used for justiﬁcation of the sample-to-sample variation in the
amount of RNA (Segers et al., 2007). All of the PCR ampliﬁcationswere
carried out in a Bio-Rad (Hercules, CA, USA) CFX96TM Real-Time PCR
Detection System with SYBR® Premix Ex Taq™ (TaKaRa). The relative
accumulation (RA) values of BcMV1 and BcMV1+BcMV1-S were
calculated by the ΔΔCt method following the manufacturer's instruc-
tions. The RA value of BcMV1-S in each strain/isolate of B. cinereawas
calculated on the basis of the difference between the total viral RA
value (BcMV1+BcMV1-S) and the viral RA value of BcMV1 alone.
Transmission electron microscopy
Morphology of mitochondria in hyphal cells of strains CanBc-1,
CanBc-1c-66 and CanBc-1c-78 of B. cinerea was examined using
transmission electron microscopy (TEM). A mycelial agar plug of each
strain was inoculated in the center of a piece of sterilized cellophane
ﬁlm placed on PDA in a Petri dish (9 cm diam). The dishwas incubated
at 20 °C for 3 days for the cultures of the virulent strain CanBc-1c-66
and for 6 days for the cultures of the hypovirulent strains CanBc-1
and CanBc-1c-78. Small pieces (3×3 mm, length×width) of the
cellophane ﬁlms colonized withmycelia of strains CanBc-1, CanBc-1c-
66 or CanBc-1c-78 were carefully cut off from the colony margin
area using a sterilized razor blade. The mycelial specimens were then
ﬁxed at 4 °C overnight in 2% glutaraldehyde (w/v) in 0.05 M sodium
cacodylate buffer (pH 7.0), washed in sodium phosphate buffer
(0.2 M, pH 7.0) three times at room temperature (20–25 °C), 10 min
each time, post-ﬁxed in 2% (w/v) osmium tetroxide solution in the
sodium phosphate buffer for 2 h, and then stained in 5% (w/v)
of uranyl acetate in 50% (v/v) of ethanol for 1 h. The mycelial speci-
mens were dehydrated in graded series of ethanol, inﬁltrated with
Spurr's low viscosity embedding medium and polymerized at 70 °C
for 8 h. Ultra-thin sections (50–60 nm in thickness) for the mycelial
specimens of each strain of B. cinerea were cut using a diamond
knife, mounted on slotted and formvar-coated grids, stained with
5% aqueous lead citrate and 5% uranyl acetate, and examined under
a transmission electron microscope (Model Tecnai G2 20, FEI
CompanyTM, Hillsboro, OR, USA) at 75 kv.
In order to establish the mitochondrial association with the
presence of BcMV1, mitochondria were extracted, puriﬁed from
mycelia of strain CanBc-1 of B. cinerea and tested for the presence of
the 3.0-kb dsRNA (BcMV1). The methods were described in detail in
Supplementary data.
Statistical analysis
Data on the radial growth rate, leaf lesion diameter caused by
strains/isolates of B. cinerea investigated and the accumulation of viral
RNA in this study were analyzed using analysis of variance (ANOVA)in SAS V8.0 (SAS Institute, Cary, NC, USA, 1999). Treatment means
on the radial growth rate and the leaf lesion diameter for tested
strains/isolates of B. cinereawere separated using the Least Signiﬁcant
Difference Test at P=0.05 level. Signiﬁcance in the average accu-
mulation value of BcMV1 and BcMV1-S in each strain/isolate of
B. cinerea was tested using Student's Test at P=0.05.
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